We theoretically demonstrate an advanced optical modulator based on graphene-enabled metamaterial with voltage-controllable reflectance. A significant modulation depth of the reflection coefficient is achieved through a voltage biasing of the graphene's Fermi level, leading to an almost instantaneous change in the effective permittivity of the graphene. We show that even a single graphene layer integrated into the structure of a simple metamaterial absorber enables a relative change in the reflectance as high as 361% at near-infrared frequencies. The designed modulator may be used in optical communication systems and biomedical sensing apparatus. High-speed optical modulator is one of the key devices for the construction of on-chip optical interconnects and optical communication systems.
1,2 Such modulators have been earnestly designed over the past few years using different types of semiconductors. 3, 4 Owing to the weak coupling between the electronic and optical components, the characteristic size of a semiconductor-based modulator is much larger than the optical wavelength, thus, preventing one from integrating such modulators into on-chip devices. Moreover, since semiconductors do not sustain high free-electron densities at near-infrared and visible wavelengths, 5 the semiconductor-based modulators are normally designed to operate at THz and far-infrared frequencies.
Graphene, which is a two-dimensional layer of carbon atoms arranged in a honeycomb pattern, has became a hot material in both physics and engineering since its experimental discovery in 2004. [6] [7] [8] The unique electric, mechanical, and thermal properties of graphene are beneficial for a wide variety of applications in such areas as flexible electronics, transparent protective coatings, and solar-cell technology. Although graphene exhibits controllable optical properties enabling the dynamical manipulation of light, which strongly couples to graphene over a wide frequency range, the optical effects associated with this coupling are not strong enough to be directly usable in practice. 9 This is especially true for optical frequencies at which graphene is almost transparent (featuring more than 97% transmittance) and special techniques need to be used to enhance its electronic and optical activities. 10, 11 For example, by combining graphene and metamaterial, Lee et al. 12 have recently realized gate-controllable persistent switching and linear modulation of THz waves, while Sensale-Rodriguez et al. 13 have fabricated a graphenebased THz modulator with an extraordinary modulation depth of 64%. It is of significance that the conductivity of graphene can be readily tuned not only at THz frequencies but also at optical frequencies, which makes it a promising material for optical modulation devices. Using this feature, Liu et al.
14 demonstrated a graphene-based optical modulator with a bandwidth spanning from 1.35 to 1.6 lm. More recently, the study of a voltage-controllable plasmon resonance at nearinfrared frequencies performed by Kim et al. 15 in a hybrid graphene/gold nanorod structure has opened up new routes for designing controllable optical modulators.
In this letter, by integrating a single graphene layer into a metamaterial absorber, we theoretically demonstrate a voltage-controllable reflection modulator at near-infrared frequencies. We show that the coupling of graphene to the metamaterial-which can be flexibly controlled via biasing the Fermi level of graphene-drastically modifies the metamaterial's resonance. The proposed reflection modulator may be useful for biomedical sensing and optical communications.
A unit cell of the graphene-based metamaterial absorber under consideration is shown in Fig. 1(a) . A single-layer graphene membrane is assumed to be placed on a MF 2 dielectric slab and backed with a gold mirror, which also acts as an electrode for biasing the graphene. A gold circular patch of 200 nm radius is assumed to be deposited on the top of graphene. The thicknesses of the dielectric slab, gold mirror, and gold patch are chosen to be 30, 50, and 20 nm, respectively. The lattice constants along the x and y directions are 700 nm. By applying a voltage between the circular patch and the backed gold mirror, one can dynamically control the carrier density and the position of the Fermi level in graphene, thus providing an avenue to precisely manipulate the resonant properties of the graphene metamaterial.
Graphene may be considered as an infinitely thin twodimensional sheet characterized by a complex surface conductivity r g ðx; E F ; C; TÞ, which is the function of angular frequency x, Fermi energy E F , phenomenological scattering rate C (which is assumed to be independent of energy ), and absolute temperature T of the environment. According to the Kubo formula, 16, 17 the surface conductivity of the voltagebiased graphene has intraband and interband contributions, r g ¼ r 1 þ r 2 , given by the expressions, is the Fermi-Dirac distribution, and k B is the Boltzmann's constant. The graphene's conductivity at optical frequencies is dominated by the interband transitions and quite different from that at THz frequencies, which is dominated by the intraband transitions.
In the environment free of magnetic field, the surface conductivity of graphene has an isotropic frequency profile, and the Fermi energy is determined by the carrier density,
where v F % 9:5 Â 10 5 m/s is the Fermi velocity. 16 In the following calculations, we set T ¼ 300 K and C ¼ 2 THz.
Since graphene is one-atom thick, we represent it as a 0.5-nm-thick homogenous layer for the feasibility of numerical simulations. 15, 18, 19 The effective permittivity of graphene is then given by the expression,
where t ¼ 0.5 nm and e 0 is the permittivity of vacuum. According to Fig. 1(b) , when a bias voltage is applied to graphene it exhibits negative effective permittivity in a certain frequency range. With the increase in the bias voltage (and the Fermi-level energy), the effective permittivity spectrum features a significant blue shift. For example, Reðe eff Þ ¼ À14:36 at 170 THz for E F ¼ 0:35 eV, which means that graphene behaves like a good conductor, and Reðe eff Þ ¼ À3:47 at the same frequency when E F ¼ 0:38 eV, in which case graphene features a poor metallic behavior. This abrupt change in the graphene's conductivity is a key feature enabling an ultrafast electro-optical modulation. We now numerically analyze the optical performance of the proposed graphene metamaterial. The coupling between the single-layer graphene and the metallic part of the metamaterial is investigated via full-wave numerical simulations. In our simulations, periodic boundary conditions are applied in the x and y directions and absorbing boundaries are assumed to be in the z direction. MF 2 is assumed to be a nondispersive medium of relative permittivity e MF 2 ¼ 1:9. The relative permittivity of gold is fit by the standard Drude formula, with the plasma frequency x p ¼ 1:37 Â 10 16 rad=s and the collision rate c ¼ 1:92 Â 10 13 rad=s, which is three times of the gold's bulk collision frequency. 21, 22 To get a reference reflectance spectrum, we first consider the metamaterial with geometrical parameters given in the caption of Fig. 1(a) but without the graphene membrane. It is seen from Fig. 2(a) that the reflectance spectra S 11 of this structure has a pronounced dip, whose minimum of 0.072 is achieved at 169 THz. Owing to the backed gold mirror blocking the transmission of the incident light, this structure exhibits a nearly uniform absorption around 169 THz, and is therefore known as a metamaterial absorber. 23, 24 Figure 2(a) shows the S 11 spectrum of the proposed graphene metamaterial as a function of light frequency for three Fermi-level energies. It is seen that the presence of the graphene membrane weakens the metamaterial resonance close to its dip frequency. As the Fermi level increases from 0.35 to 0.38 eV, the dip's amplitude in the reflectance spectrum decreases significantly and the dip slightly shifts to lower frequencies. This property of the considered metamaterial can be used for optical reflection modulation. In particular, the reflectance can be modulated with an absolute change of about 20% when E F increases from 0.35 to 0.38 eV. This modulation depth is relatively high compared to that achievable with recently suggested modulation techniques based on a direct alteration of device geometry or material properties. For instance, metal-gated semiconductors can provide 
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Zhu, Rukhlenko, and Premaratne Appl. Phys. Lett. 102, 241914 (2013) intensity modulation with a depth around 6% at roomtemperature, 25 whereas a plasmonic structure integrated with biased graphene stripes has a modulation depth of only about 13%. 26 The origin of the resonance frequency shift and the reflectance modulation in Fig. 2(a) can be understood by examining the changes occurring to the effective permittivity of the graphene membrane. As the Fermi level increases, the real component of the graphene's effective permittivity near the resonance frequency decreases, which is the reason of the blue shift of the resonance. On the other hand, the imaginary component of the graphene's effective permittivity reduces the resonance strength of the metamaterial. Since Imðe eff Þ is the highest at the resonance frequency when E F ¼ 0:35 eV, the weaker resonance results in a relatively higher reflectance at the resonance frequency. Far above the resonance frequency, the imaginary part of the effective permittivity tends to a certain value regardless of the Fermi energy, such that all the reflectance curves of the graphene metamaterial in Fig. 2 (a) merge together at high frequencies while staying slightly below the spectrum corresponding to the bare metamaterial absorber due to high loss in graphene. The tunable optical properties of the graphene metamaterial are generally determined by the behavior of the graphene's effective permittivity.
For better visualization of the modulation effect, we further plot in Fig. 2 refer to the metamaterials with and without graphene, respectively. It is seen that the reflection spectrum of the metamaterial is modified dramatically by the graphene membrane. When the Fermi energy of graphene increases from 0.35 to 0.38 eV, the maximal change DS 11 =S 0 11 reduces from 361% to 91%. These relative changes in the reflectance are much larger than the ones reported earlier. 15, 27 Owing to this unique feature, the proposed metamaterial can be used as a biomedical sensor for the detection of small concentrations of molecules adsorbed on the graphene membrane.
We next plot the density of electric current in both metal and graphene layers to better understand the nature of the plasmon resonance. Figures 3(a) and 3(b) show the current density distribution at the front (Au patch and graphene layer) and back (Au mirror) sides of the metamaterial surface for E F ¼ 0:35 eV. The distribution of the current in metal is seen to be similar to that reported by Liu et al., 22 which indicates that the addition of graphene does not qualitatively change the resonant field patterns. However, as mentioned earlier, the metamaterial resonance is noticeably damped due to the energy dissipation in the graphene layer. Specifically, the current density in graphene is relatively high for E F ¼ 0:35 eV and, thus, the metamaterial's resonance is significantly weakened by the graphene. On the other hand, as evidenced by Figs. 3(c) and 3(d) , only weak current exists in the graphene membrane if E F ¼ 0:38 eV. As a result, the metamaterial's resonance is well preserved and the resonant reflectance is almost the same as that of the graphene-free metamaterial.
In conclusion, the advancement of modern integrated optics technology requires improved modulation techniques and versatile adaptive optics. In this letter, we have designed a voltage-controllable modulator by integrating graphene into metamaterial, and demonstrated its ability to dramatically change the optical reflectance. By dynamically varying the graphene's effective permittivity via the voltage biasing of the Fermi level, it is possible to strongly modulate the optical signal transmitted through the graphene metamaterial. In particular, we demonstrated that our modulation technique is capable of providing a relative reflectance change of 361%. The designed reflection modulator may prove useful for optical communication systems and biomedical sensing apparatus. 
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